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I. I NTRODUCTION
The improved design of the diamond anvil cell has made
it possible to reach pressures in the range of several hundred
gigapascals, L2 and the use of synchrotron radiation as the
source of incident x rays allows diffraction patterns to be
recorded from materials compressed under such
conditions.' -7 Because of the finite shear strength of the
specimen material, the stress state of the compressed sample
i s in general not hydrostatic. $ Early experiments
9,10
on mate-
rials subjected to nonhydrostatic stress states (NSS) led to
the development of mathematical formulations of NSS and
its effect on the lattice strains.
11-13
Equations for the lattice
strains under NSS for cubic, 1 4,1 ' hexagonal,
16
and trigonal 1 7
systems were developed that are valid for a general diffrac-
tion geometry. Equations for all crystal systems have been
derived recently. i8 The full utilization of the equations in the
i nterpretation of the lattice strain data and extraction of the
sample properties became possible through the introduction
of two new diffraction geometries; 19 ` 21 these permit the
measurement of d spacings as a function of the angle, c,
between the diffraction vector and the load direction. In this
article we present the lattice-strain equations for all the crys-
tal systems in a form convenient for the interpretation of
diffraction data. We then show that the strain produced by
t he hydrostatic stress component can be separated out from
the lattice strains measured under NSS. A new method of
estimating the uniaxial stress component is suggested, and
the possibility of estimating the single crystal elastic con-
stants from the powder diffraction data obtained under non-
hydrostatic compression is demonstrated.
0. EQUATIONS FOR LATTICE STRAINS
The stress state at the center of the compressed specimen111 an opposed-anvil setup is given by, 12,14
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The equations for the l attice strains produced by nonhydrostatic compression are presented for all
seven crystal systems in a form convenient for analyzing x-ray diffraction data obtained by newly
developed methods. These equations have been used to analyze the data on cubic (hcc a-Fe) and
hexagonal (hcp E-Fe) systems. The analysis gives information on the strain produced by the
hydrostatic stress component. A new method of estimating the uniaxial stress component from
diffraction data is presented. Most importantly, the present analysis provides a general method of
determining single crystal elastic constants to ultrahigh pressures. © 1998 American Institute L_ of -Phti:sics. (S0021-8979(98)0311 1 -9]
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are shown 52 to define the upper and lower bounds of themoduli, respectively. The experimentally determined moduliof a polycrystal agree with the mean (arithmetic, geometric,
or harmonic) s1 of the two limiting values. Equation (4) rep-resents a weighted harmonic mean of the x-ray shear modu-lus under Reuss condition and Voigt shear modulus. Thevariational methods (e.g., Refs. 54 and 55) narrow down theupper and lower bounds considerably. However, refining thepresent approach by introducing the variational methods isdifficult as x-ray diffraction takes place only from the crys-tallites with correct orientation with respect to the directionsof the primary beam and diffracted beam entering the detec-tor. The specimen compressed in an opposed-anvil setup un-dergoes considerable plastic flow before the equilibriumstress condition is established. The magnitude of the devia-toric stress component depends on the plastic flow of thespecimen. A large deviatoric stress component can causeyielding of the crystallites, and the stress state in such a caseis closer to the Reuss condition. A small magnitude of thiscomponent will produce elastic strain resulting in a stressstate closer to Voigt condition. For these reasons, u priorichoice of a in an actual experiment is difficult. Theanalysis 1 9 of high pressure x-ray diffraction data on NaClsuggests that a= I in the low pressure region, and tends toapproach a=Q.5 as the pressure is increased. However, thistrend is characteristic of the deformation behavior of thespecimen in the high-pressure setup (a modified Drickamercell) used in the experimen, 19 and cannot be generalized. Itshould be noted that the determination of dp(hkl) from thed,,,(h kl) vs (l - 3 cost 0) plots does not depend on thechoice of a. Among the other parameters. i is least and x i smost sensitive to the choice of a. The changes brought aboutin the estimated C,1 on changing a from I to 0.5 stay withinthe errors of measurement: the changes are such that it pro-duces a large effect on x. In this respect these changes aresystematic.
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are shown52 to define the upper and lower bounds of the
moduli, respectively. The experimentally determined moduli
of a polycrystal agree with the mean (arithmetic, geometric,
or harmonic) 53 of the two limiting values. Equation (4) rep-
resents a weighted harmonic mean of the x-ray shear modu-
les under Reuss condition and Voigt shear modulus. The
variational methods (e.g.. Refs. 54 and 55) narrow down the
upper and lower bounds considerably. However, refining the
present approach by introducing the variational methods is
difficult as x-ray diffraction takes place only from the crys-
tallites with correct orientation with respect to the directions
of the primary beam and diffracted beam entering the detec-
tor.
The specimen compressed in an opposed-anvil setup un-
dergoes considerable plastic flow before the equilibrium
stress condition is established. The magnitude of the devia-
toric stress component depends on the plastic flow of the
specimen. A large deviatoric stress component can cause
yielding of the crystallites, and the stress state in such a case
is closer to the Reuss condition. A small magnitude of this
component will produce elastic strain resulting in a stress
state closer to Voigt condition. For these reasons, a priori
choice of a in an actual experiment is difficult. The
analysis 1 9 of high pressure x-ray diffraction data on NaCI
suggests that a=1 in the low pressure region, and tends to
approach a=0.5 as the pressure is increased. However, this
trend is characteristic of the deformation behavior of the
specimen in the high-pressure setup (a modified Drickamer
cell) used in the experimen, 1 9 and cannot be generalized. It
should be noted that the determination of dn (h kl) from the
d,,,(hk1) vs (1 -3 cos t z]r) plots does not depend on the
choice of a. Among the other parameters, t is least and x is
most sensitive to the choice of a. The changes brought about
in the estimated C, 1 on changing a from I to 0.5 stay within
the errors of measurement; the changes are such that it pro-
duces a large effect on x. In this respect these changes are
systematic.
In the high-pressure environment, the yielding of the
crystallites under the action of a deviatoric stress component
is complex. The equations in this article are derived assum-
ing a single t value for the crystallites of different orienta-
tions with respect to the load axis. The yielding of a single
crystal at atmospheric pressure is strongly orientation-
dependent. and it may appear logical to consider an
hkl-dependent t. A simple analysis of the scatter in the data
suggests that the equations with a constant t are consistent
with the experimental observations. The errors in Q(hkl) are
derived from the scatter i n the d,,,(hk1) versus
(1 - 3 cost Vf) plot for each reflection and combined to give
an overall uncertainty, A 1 . Q(hkl), A- ] being 0.0007 (3),
0.0001 (0). and 0.0002 (1) for FeO. a-Fe, and e-Fe, respec-
tively. The numbers in parentheses are the standard devia-
tions. Equation (3) on which these plots are based is also
valid for each reflection with different t values. The assump-
tion of a constant i enters only in Eqs. (13a) and (14a), which
predict, respectively, a linear Q(hkl) vs 1_(hkl) and a para-
bolic Q(hkl) vs 1 plot. The errors (A,) in Q(hkl). thrived
from these plots are 0.001. 0.0002, and 0.0001 for FeO.
a-Fe. and c-Fe. respectively. A possible violation of the as-
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